The multifunctional Creb-binding protein (CBP) protein plays a pivotal role in many critical cellular processes. Here we demonstrate that the bromodomain of CBP binds to histone H3 acetylated on lysine 56 (K56Ac) with higher affinity than to its other monoacetylated binding partners. We show that autoacetylation of CBP is critical for the bromodomain-H3 K56Ac interaction, and we propose that this interaction occurs via autoacetylation-induced conformation changes in CBP. Unexpectedly, the bromodomain promotes acetylation of H3 K56 on free histones. The CBP bromodomain also interacts with the histone chaperone anti-silencing function 1 (ASF1) via a nearby but distinct interface. This interaction is necessary for ASF1 to promote acetylation of H3 K56 by CBP, indicating that the ASF1-bromodomain interaction physically delivers the histones to the histone acetyl transferase domain of CBP. A CBP bromodomain mutation manifested in Rubinstein-Taybi syndrome has compromised binding to both H3 K56Ac and ASF1, suggesting that these interactions are important for the normal function of CBP. C hromatin is the physiological template for all genomic processes. The histone proteins that package the DNA into chromatin are subject to posttranslational modifications, including acetylation, methylation, phosphorylation, ubiquitination, and sumoylation, that serve to regulate DNA-templated phenomena such as transcription, replication, repair, and recombination (1). Many histone posttranslational modifications mediate their function by interacting specifically with and recruiting "reader" modules of multifunctional proteins, which often themselves have activities that subsequently further modify the chromatin structure to make the DNA either more or less accessible. For example, the bromodomain is the specific reader module for acetylated lysines on histones and nonhistone proteins (reviewed in ref.
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The bromodomain is found in many transcriptional coregulators and histone-modifying complexes, including histone acetyl transferases (HATs), enzymes that themselves mediate acetylation. Structural studies have revealed that bromodomains have a conserved structural fold that consists of a left-handed four-helix bundle and two interspersed ZA and BC loops which constitute the active acetyl lysine-binding pocket (3) . Despite this conserved overall structure, different bromodomains recognize distinct acetylated lysines in different proteins because the specific amino acid residues within the loops of each bromodomain are critical for determining the acetyl lysine-binding specificity (4, 5) .
The general theme for bromodomain function is that they serve to anchor the bromodomain-containing protein to acetylated chromatin templates or to acetylated transcriptional activators. For example, the bromodomains of the yeast ATP-dependent nucleosome remodeler Swi2 and the HAT GCN5 are required for anchoring these chromatin-modifying complexes to acetylated chromatin templates in vitro (6) . In other cases, the interaction of bromodomains with non-histone acetylated proteins is important. For example, BRD4, a member of the bromo and extra terminal (BET) subfamily of bromodomain-containing proteins, interacts with the acetylated RelA subunit of NF-κB to promote transcriptional activation of inflammatory genes (7) . BRD3 has been shown to interact with the acetylated transcription factor GATA1, recruiting this transcription factor to both active and repressed target genes in a histone acetylation-independent fashion (8) . Accordingly, there much interest in generating inhibitors to block the interaction between bromodomains and their acetylated binding partners and thus to reverse changes in gene expression in human disease states.
The Creb-binding protein (CBP) is an important bromodomain containing a transcriptional coactivator that functions as a HAT (9) . The transactivation function of CBP is mediated by Zinc-finger domains CH1 and CH3, whereas the KIX and p160 domains serve as platforms to interact with several transcriptional activators (10) . The general model for the transcriptional coactivator function of CBP is one of physical recruitment to promoters and enhancers via interactions with transcriptional activators. At the DNA, CBP can acetylate the chromatin-bound histones in the immediate vicinity, causing the chromatin to adopt a more open and accessible state that facilitates transcription. A PHD finger is an integral part of the HAT domain of CBP and also is important for the acetylation function of CBP (11) . Autoacetylation of the closely related protein p300 is crucial for
Significance
The Creb-binding protein (CBP) transcriptional coactivator contains a histone acetyl transferase domain and a bromodomain. Bromodomains bind to acetylated lysines, and their function as previously understood was limited to mediating recruitment to chromatin via binding to acetylated proteins. Here we show that the acetyl lysine-binding activity of the CBP bromodomain has unexpected roles in CBP-mediated acetylation of nonchromatin bound histones, and we show that the interaction between a bromodomain and acetyl lysine is stimulated by autoacetylation. Furthermore, we find that the histone chaperone antisilencing function 1 binds to the bromodomain of CBP to present free histones correctly for efficient acetylation. Through a combination of structural, biochemical, and cell-based analyses, these studies enhance our understanding of bromodomain function and regulation.
its HAT function (12) , but the importance of autoacetylation has not yet been shown for CBP. Adjacent to the HAT domain, CBP also possesses a bromodomain that interacts with acetylated histones and nonhistone proteins with varying binding preferences. There is strong evidence for an important functional role for the interaction of the CBP bromodomain with acetylated transcriptional activators [e.g., acetylated p53 (13) ]. CBP acetylates p53 on lysine 382, which subsequently is bound by the CBP bromodomain, leading to CBP recruitment (via the bromodomain) to promote p53-mediated gene activation that ultimately determines the cellular responses to stress in the forms of senescence, cell-growth arrest, or apoptosis (13) (14) (15) (16) . Although the isolated bromodomain of CBP can bind to acetylated histones, including H3 K36 and H4 K20 (5), in vitro, the physiological relevance of the CBP bromodomain binding to acetylated histones is not clear. The closest hint at a function for the interaction between acetylated histones and the CBP bromodomain was provided by the finding that the CBP bromodomain can increase the ability of CBP to acetylate nucleosomal histones in vitro; however, this interpretation is not straightforward, because this function of the CBP bromodomain also was dependent on the interaction between CBP and the Epstein-Barr virus-encoded transcriptional transactivator Zta (17) .
In addition to its role in acetylating chromatin-bound histones, we previously had shown that CBP also acetylates non-chromatin-bound histones, specifically on lysine 56 of histone H3 in Drosophila melanogaster and human cells (18) . At least in yeast, the histone modification H3 K56Ac (histone H3 acetylated on lysine 56) plays an important role in the delivery of free histones to the replication-dependent histone chaperones so as to drive chromatin assembly following DNA synthesis (19, 20) . Before being delivered to the replication-dependent histone chaperones, the free histones are all sequestered by the ubiquitous histone chaperone anti-silencing function 1 (ASF1). We had shown previously that human ASF1 is essential for the CBP-mediated acetylation of free histones on H3 K56 in cells, leading us to propose that ASF1 may physically present the free histones to CBP for acetylation (18) . However, the mechanism whereby ASF1 presents free histones to CBP for acetylation was unknown. Once incorporated into the chromatin, the nucleosomes carrying K56Ac have a looser intrinsic structure (21, 22) , promoting histone exchange during transcriptional activation (23) (24) (25) .
In the present study, we show that the CBP bromodomain interacts with the H3 K56 acetylation mark with a higher affinity than its previously characterized acetyl lysine-binding partners. In addition, we find that the CBP bromodomain interacts with the ASF1 histone chaperone via a nearby but distinct interface. From the structural perspective, a key disease mutation that we have identified in the CBP bromodomain can attenuate the interaction with both H3 K56Ac and ASF1. Functionally, we show that the bromodomain of CBP is critical for promoting the acetylation of free histones by CBP; this acetylation also is enhanced by ASF1. We find evidence that autoacetylation of CBP is critical not only for the substrate interaction with the HAT domain but also for the bromodomain to bind to its acetyl lysine-binding partners. These results clearly indicate that, although individual domains of CBP have designated functions, in the full-length context the protein conformation plays a key role in dictating its interactions and hence cellular function.
Results
The Bromodomain of CBP Shows Preferential Interaction with Acetylated H3 K56. To investigate further the interaction between the CBP bromodomain and acetylated lysines within histones, a candidate-based approach was used. Escherichia coli-expressed recombinant GST-tagged CBP bromodomain was incubated with immobilized biotinylated acetylated peptides, and the relative amount of interacting GST-CBP bromodomain was measured by Western blotting against GST. In comparison with several acetylated histone peptides (H3 K9Ac, H3 K14Ac, H3 K18Ac, H3 K23Ac, H3 K27Ac, H3 K36Ac, H4 K5Ac, H4 K8Ac, H4 K12Ac, H4 K16Ac, and H4 K20Ac), H3 K56Ac showed the best binding with the bromodomain of CBP (Fig. 1A) (3) . Among the well-studied interaction partners of the CBP bromodomain are H3 K36Ac, H4 K20Ac, and p53 K382Ac (5, 13) . The interaction of the CBP bromodomain with H3 K56Ac appeared to be stronger, at least as measured by peptide pull-down assays, than the interaction with these previously characterized acetyl-binding partners (Fig. 1B) . Because the bromodomains of CBP and p300 are highly similar (differing by only four amino acids), we asked whether the p300 bromodomain also recognizes H3 K56Ac. The CBP and p300 bromodomains showed efficient interactions with H3 K56Ac (Fig. 1C) , whereas the less closely related human GCN5 bromodomain does not bind to H3 K56Ac (Fig. 1D) . The binding affinity of the CBP bromodomain to the H3 K56Ac peptide subsequently was measured by isothermal titration calorimetry (ITC) and was found to be higher than that for the peptides previously identified as interacting with the CBP bromodomain (H3 K36Ac, H4 K20Ac, and p53 K382Ac (Fig.  1E ). The binding of H3 K56Ac to the CBP bromodomain is an exothermic reaction, and the enthalpy is greater than in the interactions of the CBP domain with other known peptides.
To investigate whether the stronger interaction of the CBP bromodomain with H3 K56Ac, as compared with other acetyl lysine peptides, could be explained by additional contacts with the CBP bromodomain, we mapped the binding interface by NMR. H, 15 N heteronuclear single-quantum coherence (HSQC) spectra of the uniformly 15 N-labeled CBP bromodomain were recorded while the H3 K56ac peptide (residues 49-59 of H3) or the corresponding unmodified H3 peptide was added gradually to the NMR samples. Substantial chemical shift changes in the bromodomain were observed during titration with H3 K56ac (Fig. 2A) . A lack of resonance perturbations upon the addition of unmodified H3 peptide suggested that the CBP bromodomain does not recognize this peptide and that the acetylated Lys56 residue is essential (Fig. 2B) . To characterize the H3 K56ac interaction structurally, we determined the crystal structure of the CBP bromodomain at a 1.4-Å resolution and defined the H3 K56ac-binding site by NMR (Fig. 2C) . The overall fold of the CBP bromodomain in the apo state is similar to the previously determined fold of the protein bound to the H4 K20ac [Protein Data Bank (PDB) ID 2RNY] or p53 K382ac (PDB ID 1JSP) peptides ( Fig. S1 ) (5, 13) . The structures of the ligand-bound and unbound states superimpose over Cα atoms with rsmds of 1.5 Å and 2.4 Å, respectively, indicating that interaction with the acetylated peptides causes small conformational changes and that the binding site is essentially preformed.
The H3 K56Ac peptide binds to ZA and BC loops ( Fig. 2 D and E), which are in the general area of the CBP bromodomain that mediates the interaction with other acetyl lysine-binding partners (5) . However, several residues in this area were uniquely perturbed by H3 K56Ac, suggesting distinct contacts within the CBP-H3 K56Ac complex (Fig. S2 ). In the attempt to identify mutations that specifically disrupt binding to H3 K56Ac without compromising other acetyl lysine interactions of the CBP bromodomain, we generated D1116R, Q1118R, F1126A, and K1170E mutants. We found that although the residue substitution to an oppositely charged amino acid (in the case of D1116R) or the loss of the aromatic side chain (in the case of F1126A) reduces the interaction with H3 K56Ac (Fig. 2F ), these mutations also disrupted the binding of p53 K382Ac and H4 K20Ac peptides (Fig. 2G) . Furthermore, the Q1118R CBP bromodomain mutation, which had a marginal affect on the H3K56Ac interaction, greatly reduced binding to both p53 K382Ac and H4 K20Ac (Fig. 2G) . These results are consistent with the idea that the weaker associations can be disrupted more readily than the interaction with H3 K56Ac (Fig. 1E ).
Autoacetylation of CBP Is Required for the Bromodomain Interaction
with Acetylated Lysines. All previous analyses of the interactions between the CBP bromodomain and acetylated lysines had been performed only with the isolated CBP bromodomain. Therefore, we examined the ability of the CBP bromodomain to recognize acetylated lysines in the context of the full-length CBP protein.
When we tested the ability of Sf9-expressed full-length CBP to bind to peptides carrying acetylated lysines, we found, to our surprise, that recombinant full-length CBP failed to bind to any of the acetylated peptides (Fig. 3A) to which the isolated CBP bromodomain bound (Fig. 1B) . In comparison, full-length CBP that was expressed and purified from HeLa cells was highly effective in binding to both acetylated and to unacetylated histone peptides where the interaction with the acetylated peptide was mediated via the bromodomain and the interaction with the unacetylated peptide was mediated via the HAT domain (Fig.  3B ). To investigate whether something in the HeLa cells rendered the full-length CBP capable of binding to acetylated and unacetylated histone peptides, we incubated the Sf9-expressed recombinant CBP with or without HeLa whole-cell extract. Strikingly, incubating the recombinant CBP with the HeLa cell extract fully restored its ability to bind to acetylated peptides via the bromodomain and to unacetylated histone substrates via the HAT domain (Fig. 3C) . Because p300 is known to be autoacetylated, and this autoacetylation activates the HAT activity of p300 (12), we tested whether acetyl CoA was the component that was being supplied by the HeLa cell extract to activate the recombinant CBP so that it was able to bind not only to the substrates of the HAT domain but also to the acetyl lysinebinding partners of the bromodomain. Indeed, incubation of the recombinant full-length CBP with acetyl CoA was sufficient to render it able to bind to both the acetylated peptide and the unacetylated peptide (Fig. 3D) . We confirmed that these con- ditions were sufficient to lead to autoacetylation of the recombinant CBP (Fig. 3E) . We interpret these results as indicating that the unacetylated CBP has an inaccessible conformation in which neither the HAT domain nor bromodomain can recognize binding partners. We propose that autoacetylation of CBP promotes a conformational change that exposes the HAT and bromodomains so that these domains now can recognize their respective binding partners.
The Bromodomain of CBP Promotes Acetylation of Free Histones.
Next we sought to investigate the function of the interaction between the CBP bromodomain and H3 K56Ac. First, we asked whether the interaction is important for recruiting CBP to promoters that have increased levels of H3 K56Ac during transcriptional induction, such as the promoter of the Gene regulated in breast cancer 1 (GREB1) gene in MCF7 cells upon estradiol treatment (Fig. S3) . We compared the ability of transfected FLAGtagged full-length or bromodomain-deleted CBP to be recruited to the GREB1 promoter upon estradiol treatment by ChIP analysis and found that the two CBP constructs were recruited to the promoter with equal efficiency (Fig. S3) . Therefore, the interaction between the bromodomain and acetylated histones, or any other protein for that matter, is not required for its recruitment to chromatin, at least at the GREB1 promoter.
Next we asked whether the interaction between H3 K56Ac and the CBP bromodomain can stimulate acetylation on free histones, given that CBP acetylates H3 K56Ac on free histones (18) . We purified full-length CBP, CBP with the bromodomain deleted (Δbromo), or a catalytically inactive HAT mutant (HAT-ve) expressed from baculoviruses in Sf9 cells (Fig. 4A) (26) . Using equal amounts of these CBP proteins in an in vitro HAT assay on recombinant H3/H4 tetramer and purified core histone substrates, we found that, unlike full-length CBP, Δbromo CBP showed a compromised ability to acetylate H3 K56 in a time course-dependent manner (Fig. 4 A and B) . These results suggested that the interaction between the CBP bromodomain and acetylated lysine promotes histone acetylation on free histones. To verify this result, we used a competitive inhibitor of the interaction between the bromodomain and acetylated lysines, called JQ1 (27) . Upon titration of increasing amounts of JQ1 into the HAT assay with a constant amount of full-length CBP, we observed that acetylation of H3 K56 was inhibited in vitro in a concentration-dependent manner (Fig. 4C) . This result indicates that the interaction between the bromodomain and acetylated lysines plays an important role in stimulating the acetylation of H3 K56Ac on free histones. To investigate whether the interaction of the bromodomain with acetylated lysine also was important for stimulating H3 K56 acetylation in vivo, we used the CBP/p300 bromodomain-specific inhibitor CBP-112 from SGCOxford and found that that it inhibited acetylation of H3 K56Ac but not of H3 K27Ac (Fig. 4D) . Taken together, these results indicate that the CBP bromodomain stimulates acetylation of H3 K56 in a manner that is dependent on the interaction between acetylated lysine and the bromodomain.
To distinguish between the possibilities that (i) the bromodomain further stimulates the endogenous activity of the HAT domain or (ii) the bromodomain overcomes the inhibitory effect of another domain on the HAT domain, we compared the HAT activity of equimolar amounts of full-length CBP, Δbromo CBP, the isolated HAT domain, and the isolated HAT domain with the isolated bromodomain supplied in trans. Two interesting results were obtained from this experiment. First, the isolated HAT domain had higher HAT activity than full-length CBP (Fig. 4E) . This result suggests that another domain of CBP inhibits the activity of the HAT domain, although it is possible that the recombinant HAT domain has a higher specific activity merely because of its mode of expression in E. coli. It is noteworthy that the RING domain of the related p300 protein recently has been shown to inhibit its HAT activity (28) . Second, supplying the bromodomain in trans to the HAT domain did not further stimulate the HAT activity of the isolated CBP HAT domain, indicating that the CBP bromodomain does not enhance the endogenous activity of the HAT domain per se. From these results, we propose that the physical tethering of the bromodomain to the HAT domain somehow stimulates the catalytic activity of the HAT domain, perhaps through its ability to bind to acetylated proteins.
The Histone Chaperone ASF1 Binds to the Bromodomain of CBP. We previously have shown that acetylation of H3 K56Ac in humans requires not only CBP but also the histone chaperone ASF1 (18) . Furthermore, endogenous Drosophila ASF1 and CBP coimmunoprecipitate with each other (18) . Humans have two isoforms of ASF1, ASF1A and ASF1B, which differ mainly in their C-terminal region. To investigate whether human ASF1A and/or human ASF1B interact with human CBP, we performed coimmunoprecipitation analyses from extracts made from HeLa cell lines stably expressing ASF1A-FLAG or ASF1B-FLAG. Both ASF1A and ASF1B coimmunoprecipitated with endogenous CBP (Fig. 5A ). ASF1A previously has been shown to bind to the bromodomain of the CCG1 protein (29) . Therefore, we wondered whether the bromodomain of CBP is important for the interaction with ASF1.
To address this question, we immunoprecipitated FLAG-tagged full-length CBP, bromoΔ CBP, or HAT-ve CBP that was expressed following transient transfection into HeLa cells and determined how much ASF1A was coimmunoprecipitated. Compared with the binding of ASF1A to full-length CBP, the interaction with the bromoΔ CBP was greatly reduced, although the two constructs were expressed at similar levels (Fig. 5B) . Given that the bromodomains of CBP and p300 differ by only four amino acids, it was not surprising to find that endogenous ASF1 also coimmunoprecipitated with p300 from HeLa cells (Fig. 5C ). To determine whether ASF1 interacts directly with the bromodomain, we performed in vitro binding assays with ASF1A, ASF1B, or the conserved core of ASF1A (amino acids 1-167) and the bromodomain of CBP. All three versions of ASF1 interacted with the CBP bromodomain (Fig. 5D ), indicating that the interaction is direct and is mediated by the conserved N-terminal region of ASF1. Furthermore, the bromodomain of p300 also binds to ASF1A (Fig. 5E ). To Input  WT  -D37R  L140E  L140A  Y101F  V45R  E116R  T27R  I31R   -GST:  -CBP bromo   M  D37R  L140A  I31R  T27R  E116R  V45R  Y101F  L140E ASF1A 6his:
-ASF1 determine which surface of ASF1 was contacting the CBP bromodomain, we performed NMR studies titrating the CBP bromodomain into H-15 N-labeled ASF1A (1-154). The residues of ASF1A that shifted upon interaction with CBP are indicated in Fig.  5F , and they all reside largely on one face of ASF1A. To confirm the contribution of these ASF1A amino acids to the interaction with the CBP bromodomain, we generated point mutations in ASF1A and showed that the I31R, T27R, E116R, and Y101F substitutions individually obliterated the interaction (Fig. 5G) . The V45R mutation reduced the interaction, whereas mutation of L140 to an A or E reproducibly increased the interaction between the ASF1 and the CBP bromodomain. It is possible that these sidechains, which are shorter than the original leucine sidechain, either better fit the surface of the CBP bromodomain or are able to form better interactions. Regardless, the mutagenesis of ASF1 confirms that the residues identified by NMR indeed are important for the interaction with the CBP bromodomain. Interestingly, the interface of ASF1 that interacts with the CBP bromodomain is distinct from the interface that interacts with the CCG1 bromodomain (30) .
To determine whether the CBP bromodomain interacts with ASF1 via the same interface with which it interacts with acetylated histones, we performed NMR analysis titrations of ASF1A (1-154) with the H-15 N-labeled bromodomain. The amino acids of the CBP bromodomain that showed chemical shift changes with the addition of ASF1 are shown in Fig. 6 A-C. Mutational analysis of the CBP bromodomain confirmed that CBP mutations K1180E, W1165A, N1183R, N1162R, and N1162E disrupt the ASF1-CBP bromodomain interaction (Fig. 6D) . The mutant CBP bromodomain proteins were expressed and purified to equivalent levels (Fig. S4). Fig. 6E indicates the residues of the CBP bromodomain whose mutation disrupts the interaction with ASF1 or with the acetylated K56 peptide: ASF1 and H3 K56Ac bind to adjacent regions of the CBP bromodomain, although through different specific amino acids (Fig. 6E) .
A Mutation That Causes Rubinstein-Taybi Syndrome Disrupts the
Interaction of the CBP Bromodomain with ASF1A and H3 K56Ac. Upon superimposing the H3 K56Ac-and ASF1-binding sites onto the CBP bromodomain structure, we noted that both regions lay adjacent to the Y1175 amino acid (Fig. 6E) that is mutated to cause Rubinstein-Taybi syndrome (RTS) (31) . Therefore, we introduced the Y1175 RTS mutation into the isolated CBP bromodomain and determined the effect on the interaction with ASF1A and H3 K56Ac. Mutating Y1175C in the CBP bromodomain did not affect the expression level or stability of the protein (Fig. S4) but did greatly reduce binding to the H3 K56Ac peptide (Fig. 2F ) and to ASF1A (Fig. 6G) . These results indicate that the inability of CBP to bind to acetylated histone H3 K56 and ASF1 could have direct implications in the pathogenesis of RTS.
The Bromodomain of CBP Is Critical for ASF1-Dependent Stimulation of the CBP HAT Activity. Given that knockdown of ASF1A reduces CBP-mediated acetylation of H3 K56Ac in cells (18), we asked whether ASF1A also stimulates CBP-mediated acetylation in vitro. These assays were performed with limiting amounts of CBP and in conditions that favor the H3-H4 dimer, i.e., with the H3-H4 tetramer equilibrium tipped towards the H3-H4 dimer state. Furthermore, the histones were preincubated with ASF1A to promote formation of the ASF1A:H3-H4 dimer complex. We found that ASF1A enhanced acetylation of H3 K56Ac in a dosedependent manner in vitro (Fig. 7A) . However, ASF1A did not stimulate the HAT activity of CBP in general, because this same increase in acetylation was not observed for H2B K5Ac (Fig. 7A ) or for p53 (Fig. S5) .
Overexpression of CBP is known to increase levels of acetylated histone substrates in cells above that mediated by the endogenous CBP (32) . We also observed this increase with the acetylation of H3 K56Ac (Fig. 7B) . Fractionation of the histones into chromatin-bound and non-chromatin-bound indicated that this additional H3 K56Ac that occurred upon overexpression of CBP resided not only on the chromatin-bound but also on the non-chromatin-bound histones (Fig. 7C) , consistent with ASF1-and CBP-mediated acetylation occurring on free histones that later are incorporated into chromatin. Next, we examined whether the CBP bromodomain was required for the CBPmediated acetylation of histones in cells. We found that overexpression of Δbromo CBP did not stimulate a further increase in H3 K56Ac levels over that mediated by endogenous CBP (Fig. 7B) . However, the bromodomain was not required for the additional level of CBP-mediated acetylation of H3 K27Ac (Fig. 7B ) or H3 K18Ac (Fig. S6 ). As such, this result shows that the CBP bromodomain is important for the ASF1-stimulated acetylation of H3 K56Ac by CBP in cells. To validate this result, we asked whether ASF1 can stimulate CBP-mediated acetylation of H3 K56Ac in the absence of the CBP bromodomain in vitro. Indeed, we found that ASF1 stimulated acetylation of H3 K56Ac on free histones in vitro by full-length CBP but not by Δbromo CBP (Fig. 7D ). This result demonstrates that the bromodomain is required for ASF1 to stimulate CBP-mediated acetylation of free histones on H3 K56Ac.
Next we asked whether the interaction of ASF1A with the bromodomain or with histones is required for its ability to stimulate CBP-mediated H3 K56 acetylation on free histones. We found that the ASF1 I31R, T27R, and E116R mutations that disrupted the interaction between ASF1 and the CBP bromodomain (Fig. 5) had a greatly reduced ability to stimulate the HAT activity of CBP (Fig. 7E) . This result demonstrates that the interaction between ASF1 and the CBP bromodomain enhances the ability of CBP to acetylate the histones. We also examined whether the interaction between ASF1A and histones is required for ASF1 to stimulate the CBP-mediated acetylation. The V94R mutation of ASF1A destroys its ability to bind to histones (33) . This V94R mutant version of ASF1A did not stimulate CBPmediated acetylation (Fig. 7F) , indicating that the ASF1:H3-H4 interaction is critical for CBP-mediated acetylation of H3 K56 on free histones. Taken together, these data suggest that ASF1 physically recruits the histones to CBP for acetylation via the interaction between the CBP bromodomain and ASF1.
Discussion
In this study, we have uncovered two unique functions for the CBP bromodomain in promoting histone acetylation. First, the bromodomain promotes acetylation of free histones on H3 K56, presumably via the interaction between the acetylated lysine and the ZA and BC loops of the bromodomain. Furthermore, we have found that autoacetylation of CBP is required for the interaction between the bromodomain and acetylated histones to occur. Second, the bromodomain promotes the ASF1-stimulated acetylation of free histones on H3 K56, by interacting specifically with ASF1 via the side of the four-helix bundle of the bromodomain. We have characterized the interactions of the CBP bromodomain with H3 K56Ac and with ASF1A structurally and have identified mutations that disrupt these interactions. Finally, we show that a mutation in the bromodomain that causes RTS is defective in both of these interactions, suggesting that these interactions may be important for normal CBP function. While our study was in progress, the Knapp laboratory reported that the CBP bromodomain also binds to H3 K56Ac with an affinity higher than that for its other previously published monoacetylated histone substrates (3). In their study, the affinities of the CBP bromodomain for all of the acetylated histone substrates were 5-to 10-fold higher than ours. However, it is important to note that interaction affinities measured by ITC or any other means are not absolute but instead are relative within an analysis that is performed under a fixed set of conditions. The relative affinities of the CBP bromodomain for the various acetylated histone substrates were similar in our study (Fig. 1E) and the previous work (3). We were unable to identify residues of the CBP bromodomain that uniquely mediate the interaction with H3 K56Ac but not other acetylated binding partners. This result suggests that the different acetylated binding partners bind to the same residues of the CBP bromodomain, but presumably the histone residues around K56 yield a more complementary fit with the surface of the CBP bromodomain than with the surface around the other acetylated lysines. As such, we are not able to disrupt only the interaction of H3 K56Ac with the CBP bromodomain to test the function of this interaction within cells. However, we did uncover an unexpected role for the CBP bromodomain in promoting acetylation on free histones.
A function for any bromodomain in promoting acetylation on non-chromatin-bound histones or proteins has not been demonstrated previously. Although it is possible that the bromodomainacetyl K56 interaction may promote acetylation of the other H3 histone within the H3-H4 tetramer in vitro, this in unlikely to be the case in vivo given that most free H3-H4 exists bound to Asf1 as an H3-H4 heterodimer (34) (35) (36) . Insight into the potential mechanism of the function of the CBP bromodomain in promoting acetylation can be obtained by looking at the related, much more highly studied protein p300. Although there is only 65% homology overall between CBP and p300, with each having unique physiological functions, their HAT domains are very highly conserved. The p300 HAT domain appears to function via a hit-and-run or Theorell Chance mechanism in which Acetyl CoA binds first, followed by the substrate (37) . The rate-limiting step for the acetyl transferase activity of p300 has been proposed to be the release of the product (38) . As such, one could imagine that the bromodomain could increase the rate of catalysis by binding to H3 K56Ac, thereby sequestering the product away from the active site of the HAT domain. Consistent with this notion, titration of competitive inhibitors of the acetyl lysine-binding pocket of the bromodomain blocked the ability of the bromodomain to stimulate acetylation of H3 K56 by the HAT domain (Fig. 4 C and D) . This role for the bromodomain in promoting histone acetylation appears to be unique for promoting acetylation on free histones, because acetylation of H3 K27Ac on chromatin, which is mainly mediated by CBP and p300 (39), was not reduced by the CBP/p300-specific bromodomain inhibitor in cells (Fig. 4D) .
Studies of the related p300 HAT domain have demonstrated that autoacetylation of an autoinhibitory loop is catalytically important for histone acetylation (12, 40) . In this work we demonstrate that CBP also becomes autoacetylated. Furthermore, autoacetylation of CBP is required not only to allow the HAT domain to bind to unacetylated substrates but also to allow the bromodomain to bind to its acetylated binding partners. This result suggests that autoacetylation does more than enable the autoinhibitory loop and the inhibitory RING domain (28) to move away from the HAT active site. Functionally, the autoacetylation of p300 causes a conformational change within the p300 HAT domain that is detected by increased accessibility to proteinase K and promotes transcriptional activation (41) . The autoacetylation of p300 also occurs beyond the autoacetylation loop, because p300 can be autoacetylated even when the autoacetylation loop is deleted (42) . We suggest that, within the nonacetylated CBP, the acetyl-binding pocket of the bromodomain is blocked by another region of CBP. The CBP bromodomain does not bind to the HAT domain (28) , indicating that the situation is more complicated than the HAT domain simply burying the acetyl-binding pocket of the bromodomain. This inaccessible conformation presumably is made more accessible upon CBP autoacetylation, enabling the HAT domain to bind to unacetylated substrates and the bromodomain to bind to acetylated products. It will be interesting to determine whether the cell uses the regulation of the autoacetylation state of CBP to control the interaction between the bromodomains and acetylated proteins.
The histone chaperone ASF1 has been shown previously to bind to bromodomains (29) , but the mode of interaction with the CBP bromodomain is quite distinct from that observed with the CCG1 bromodomain (30) . We find that the interaction between the CBP bromodomain and ASF1 and the interaction between ASF1 and histones promoted histone acetylation on free histones. We propose that, by interacting with the CBP bromodomain, histone-bound ASF1 forms a ternary complex in which H3 K56 is optimally presented to the HAT domain for acetylation by CBP. This model is reminiscent of the manner in which ASF1 promotes acetylation of H3 K56Ac on free histones by the yeast HAT Rtt109 (20, 23, 43) . Our work shows that histone chaperones can also promote acetylation by a metazoan HAT enzyme, and we have uncovered the mechanism structurally. Furthermore, our studies extend the role of CBP/p300 from being HAT enzymes that acetylate chromatin-bound histones to also playing an important role in the acetylation of free histones in the cell.
CBP mutations are found in many human diseases, including many types of human tumors (44) . Translocations involving CBP cause acute myeloid leukemia and mixed-lineage leukemia (44) . RTS also is caused by mutations in a single copy of the CBP gene; it is reported that mutations leading to loss of HAT activity of CBP lead to RTS (45) . These mutations also are present in the PHD finger of CBP that is critical for its acetylation activity (46) . The RTS-causing mutation Y1175C lies immediately adjacent to the surfaces of the CBP bromodomain that we mapped by mutagenesis to mediate the interaction with ASF1 and H3 K56Ac. Interestingly, this CBP mutation implicated in RTS compromises the binding of both the acetylated histone and the histone chaperone. Our results suggest that the loss of H3 K56Ac and ASF1 binding to CBP may lead to the progression of RTS.
Materials and Methods
Site-Directed Mutagenesis and Protein Production. The point mutants were generated using the Phusion SDM kit (New England Biolabs) following the standard protocol. Details of the expression and purification of the recombinant proteins are given in SI Materials and Methods.
Transient Transfection Assays. Transient transfections of mammalian expression constructs of CBP (full-length, Δbromo, and HAT-ve) were performed using Fugene HD following the standard protocol. A transfection time of 48 h was necessary for the expression of the transgene. M2-agarose pull down was performed, and then the complex was eluted from the beads with 0.1 M glycine HCl, pH 3.5. The solution subsequently was reequilibrated to neutral pH, diluted, and taken for further pull-down assays.
Peptide Pull-Down Assays. One microgram of GST-tagged protein was incubated with 1 μg of biotinylated histone peptides in binding buffer [50 mM Tris·HCl (pH 7.5), 150 mM NaCl, 0.05% Nonidet P-40, 1mM DTT) overnight at 4°C. Each binding reaction was incubated with Streptavidin Sepharose beads (Amersham) at 4°C for 1 h. After binding the beads were spun down and washed with binding buffer three times at 4°C. The beads subsequently were boiled with 5× SDS sample buffer and analyzed by Western blotting. Details of the peptides are provided in in SI Materials and Methods.
Immunoprecipitations. FLAG immunoprecipitation was performed as described elsewhere (47) . CBP and p300 immunoprecipitation were performed as described elsewhere (18) .
Structural Analyses. NMR and X-ray crystallography used standard techniques, as described in SI Materials and Methods.
HAT Assays. HAT assays were performed following the standard protocol (48) . Details are given in SI Materials and Methods.
